Abstract As we enter the second century of superconductivity, helium still prevails as the cryogenic coolant of choice. What does the future of helium hold? What can be done to avoid the squandering of this precious resource? In our presentation, we will discuss the use of cryogenic hydrogen originated from renewable and low-CO 2 emission sources. We suggest that 20 K of liquid hydrogen can ultimately displace helium as an indirect coolant in a range of superconducting electromagnetic devices. As is already well documented, superconductors have much potential underpinning the future developments in transportation, energy supply/storage and also in medical applications. Although superconductors that can operate at liquid hydrogen temperatures, such as MgB 2 and YBa 2 Cu 3 O 7 , are not yet truly commercially available, research indicates that these will be feasible in the near future.
Introduction to the Hydrogen Market
In this article, we will try to explain that superconductivity interlocked with the hydrogen economy can be the solution to our decentralised energy problems.
The world is encountering a continuous depletion of fossil fuel resources and an acceleration of climate change, widely believed to be caused by the emission of greenhouse gases. Energy demand is also expected to increase by 56 % between 2010 and 2040 [1] , increasing by a factor of 5 by 2100 due to human population growth and accelerated global industrialisation. Considering the projected increased energy demand in transportation and electrical supply, there will be an increased pressure on energy generation, storage and use and changes will have to be made. The energy supply is currently in transition partly due to the need for a lower carbon future. Due to the expected increase in the penetration of intermittent renewable energy [2] to the electrical grid in the future, there is a need for reliable energy storage systems. The research and development of these systems focuses on reducing the effects of the world's emerging energy problems. The integration of energy storage systems with renewable energy, such as wind, would allow otherwise wasted energy to be stored. Capital costs of storage systems are a barrier to their widespread installation. However, with energy management, profits can be enhanced by supplying stored energy at times when demand and prices are high. Increased storage capacity is necessary as the use of renewable energy increases. Pumped hydroelectric storage (PHES) currently represents around 99 % of the global energy storage capacity with an installed capacity of 127,000 MW. The remaining 1 % of storage capacity is divided among other storage technologies shown in Fig.1a [3] . What can be the most surprising conclusion drawn from Fig. 1a is that hydrogen storage Fig. 1 a) Non-PHES installed storage capacity accounting for 1 % of worldwide storage capacity [3] (PHES is constrained as it is site specific so there is a need for renewable energy storage methods that are modular and can be installed at most sites); b) Global hydrogen use [4] constitute for 0.3 % of the remaining storage capacity whereas production of hydrogen is growing strongly (see Fig. 2 ).
Global hydrogen production was estimated to be 53 million tonnes in 2010, and this demand is expected to grow by an average of 5.6 % in the coming years [4] . Hydrogen applications include a major role as a chemical feedstock, as shown in Fig. 1b . It is anticipated that the drivers for increased hydrogen production will continue to be regulations requiring lower sulphur levels in petroleum products, the need to process crude oils of decreasing quality and the search for cleaner fuel options. Merchant hydrogen production is a small segment but it will be the fastest growing Fig. 2 Predicted mass production demanded by the USA economy versus time. It is evident that the differences for two scenarios, normal development and demand driven by greenhouse gas, are almost identical until 2050. The n value of the calculated mass = time n may increase from 2 to 6 over the next 10 years segment in the future. At present it accounts for only 12 % of total on-purpose hydrogen generation but this share is estimated to increase up to 16 % by 2016 [5] .
Hydrogen Storage
Hydrogen is an energy carrier with a low volumetric energy density at standard atmospheric pressure and temperature. For this reason, it must be stored as compressed hydrogen usually at 35 or 70 MPa or as liquid hydrogen in cryogenic containers. The hydrogen storage system requires the use of another feedstock to produce hydrogen as the storage medium. The most common electrolysers are alkaline electrolysers, and efficiencies range between 52 and 83 % [6] . Polymer electrolyte membrane electrolysers [7] are being developed and are expected to have increased operational efficiencies and could potentially lower the overall costs of the electrolyser. Different efficiencies were stated for the compression of hydrogen ranging from low efficiencies of 52 % [8] to high efficiencies of 85 % [9] .
There are different types of fuel cells available. The proton exchange membrane fuel cell (PEMFC) is the most advanced for transport and stationery applications and has an efficiency of 53.5 % [8] . Another fuel cell that is in the research phase is the solid oxide fuel cell [10] (SOFC) which is estimated to have higher efficiencies due to high operating temperatures in which some of the heat can be used to supply heat for domestic purposes. They can be used for the co-production of renewable heat and electricity. Compressed hydrogen storage is suitable for wind energy storage due to its high energy density [11] of 1,246 kWh/m 3 . This makes it suitable for bulk energy storage.
Drawing upon much experience in superconductivity, we suggest that hydrogen can also be stored as liquid at temperatures ranging from 14 to 33 K. An important application of liquid hydrogen is as a cryogenic coolant for almost all technical superconductors. The cost of liquefaction of hydrogen depends on the quantity of hydrogen being produced. As the quantity of hydrogen is increased, less energy is wasted and the more efficient and cost-effective the process. Large quantities of energy must be available for the liquefaction process. The liquefaction process can occur by the Joule-Thomson expansion cycle [12] . The hydrogen is compressed at ambient pressure and passed through a heat exchanger in which the temperature is reduced. As a result of hydrogen cooling on expansion, the temperature should be below the inversion temperature T inv = 200 K. A nitrogen precooling step is introduced before the hydrogen is passed to the expansion valve. The energy required for the compressor and expansion valves reduces the overall efficiency of the process. As liquid hydrogen is a cryogenic liquid with a low boiling temperature of T boil = 20 K (under normal pressure), it must be stored in insulated cryogenic containers which are designed with double walls and an insulating space between the two walls to reduce heat transfer to the liquid. Heat transfer causes the liquid to evaporate and form gas a process called boil off. Heat also arises from the ortho-para conversion of hydrogen. Hydrogen can exist as ortho-or para-hydrogen depending on electron configuration but the ortho-para conversion causes the release of heat resulting in boil off. At room temperature, hydrogen consists of 25 % para-and 75 % ortho-hydrogen, whereas at 20 K, approximately 99 % is para-hydrogen. To minimise boil off of the hydrogen for longer storage, an ortho-para conversion must be completed before liquefaction. The use of catalysts facilitates for the ortho-para conversion of hydrogen [12] .
Another type of energy storage that utilises hydrogen and is proposed to be a flexible storage option for backup electricity [13] is the superconducting magnetic energy storage (SMES) system which has the potential to benefit greatly from hydrogen cryomagnetic technology. The proposed electricity to be used is intermittent energy from renewable generation. Liquid hydrogen is crucial for the system as it is used in the fuel cell to provide electricity and also to cool the superconducting coil. An oxygen tank is required for the system. It is suggested that the fuel cell is used to supply constant electricity and the SMES is used to respond to fluctuations at peak times or power cuts. With the increasing penetration of renewable technologies into the grid, there is a need for large-scale storage of electricity. The proposed LIQHYSMES system is a hybrid system using liquid hydrogen and a superconducting coil; the coil used is a magnesium boride coil. This particular model has the capacity of 12 GWh of energy in the liquid hydrogen and 48 GJ stored in the SMES [14] .
It is widely anticipated that hydrogen will be used to complement electricity in the future energy scenario of the world and act as a storage and cryogenic coolant.
Synergy Between Superconductivity and Liquid Hydrogen
The predicted and well-documented incoming shortage of helium for superconducting applications has been presented already in open literature [15, 16] . On the other hand, use of hydrogen as a cryogenic coolant has been envisaged as a viable and more economically justified cooling option for superconducting devices [17] . Novel engineering designs made possible using medium-temperature MgB 2 superconducting wires, as developed originally in Cambridge [18] , include the following: a self-contained fully electric superconducting ship, DC fault current limiters, high DC current homopolar motors [19] , cheaper superconducting MgB 2 magnets for fusion [20] , SMES [21] and magnetic resonance imaging (MRI) systems. Development of liquid hydrogen indirectly cooled MgB 2 superconducting HVDC cables especially for computer data centres and whole electric ships present ideal candidates for early implementation [22] . Hydrogen's use as a coolant, as well as an energy carrier, will spin off new research and developments in superconducting materials and efficient energy use greatly increasing the scale of superconductivity applications.
Concerning hydrogen-cooled superconducting materials used to manufacture practical conductors, there are two main categories of which some irreversibility lines are represented in Fig. 3 : • Medium-temperature superconductors: e.g. MgB 2 (T c = 39 K), SmO 
Indirect Liquid Hydrogen Cooling
Considering liquid hydrogen safety, direct cooling can only be handled by highly specialised organisations and companies, but indirect liquid hydrogen cooling, iLH 2 , can be a viable option for a decentralised economy. In iLH 2 installations, a helium gas exchanger can be used, transferring cooling power of the hydrogen bath at ∼ 20 K to the desired cryomagnetic installation [23, 24] . A pertinent example of indirect cooling by liquid nitrogen is given by McDonald et al. [25] who designed a cooling system for a 15 T pulsed copper solenoid magnet to a desired temperature of 30 K in order to reduce the resistance of the Cu and thereby reducing the power requirements of the system. The design as proposed cooled the magnet via a closed helium loop circulated through a heat exchanger filled with liquid hydrogen from a storage Dewar. The piping and instrumentation diagram is shown in Fig. 4 .
Helium was chosen as the circulating gas due to the unsuitability of hydrogen in operating circumstances where there was a chance of ignition through internal shorting of magnets. A cost comparison was then carried out to determine the viability of hydrogen for use as a liquid coolant. Economical calculations of cooling efficiency of the large 15-T electromagnetic non-superconducting device, supported by a study on testing for the scheduled purpose build installation in the USA conducted for LHe, LH 2 and LN 2 , show very clearly that cooling directly by helium or neon is 70 times and 100 times more expensive than indirect cooling by LH 2 [25] . Taking into account the price of 1 l of LH 2 ∼ £0.5, LHe ∼ £12 and Ne ∼ £150 and also the fact that hydrogen is the element that is both an energy carrier and cryogenic coolant, the choice of LH 2 as a cryogenic cooling medium for cryomagnetic applications is rather apparent.
Development of efficient and cost-effective helium gas cryopumps is a paramount task for the implementation of iLH 2 technology to the market and making the synergy between superconducting applications and liquid hydrogen a reality.
Currently, the hydrogen cryogenic gas circulator (e.g. Cryo-pump and CryoFan designs) is not very well developed in industry and as such only one product is readily available, the CryoZone CryoFan range (Fig. 5 ) [23] . This design introduces a direct thermal link through the impeller shaft at cryogenic temperatures to the motor assembly at ambient temperatures. This design necessitates a shaft seal, which must be able to withstand cryogenic temperatures and high pressures, as gas cooling requires a pressurised working gas in order to be effective.
Ongoing research aims to develop the concept of a magnetically coupled motor/impellor "CryoMagFan" which maintains a complete, uninterrupted vacuum envelope to reduce heat loss, prevent helium leakage and also allow for a higher operating pressure.
The face-on or axial-type magnetic coupling was chosen due to the ability to achieve higher coupling strength at greater separation distances-different types of couplings are discussed later in the report. This greater coupling force allows for a thicker insulation layer, which is a critical component in any cryogenic system. A prototype was manufactured as depicted in Fig. 6 . As an aside, there is an economic case to be made for cooling of fusion magnet systems via new temperature superconductor (HTS) materials in the 15-20 K range cooled indirectly by hydrogen using closed loop compressed helium gas, a similar way as proposed by McDonald et al. [25] for pulse copper magnets. Ongoing research in the replacement of niobium superconducting magnets with the high HTS YBa 2 Cu 3 O 7 (yttrium barium copper oxide) could facilitate indirect cooling by LN 2 through GHe closed loop. Therefore, indirect cooling by hydrogen iLH 2 of the future fusion reactor system would reduce costs through elimination of He consumption and energy costs associated with achieving LHe temperatures [24] . Fig. 6 a) A novel concept of magnetically coupled CryoMagFan which enables unbroken vacuum insulation layer; b) Expanded view of CryomagFan prototype in situ. The insulation layer is observed encapsulating the fan/magnet element, which is submersed within the cooling gas as a direct coolant due to fire hazards, and neon is not suitable as a result of high costs. However, a suitable solution is the indirect cooling of a closed helium loop with hydrogen that would allow the cooling of the magnet without having to continuously buy diminishing helium resources, with expected rising prices. Considering all the above-mentioned reasons for using the indirect cooling of technical superconductors with liquid hydrogen in conjunction with a compressed closed helium gas loop, we would like to discuss one hospital-related system that is generic for the decentralised hydrogen economy, where synergy between hydrogen generation, liquefaction, storage and use can have a very well justified place.
In Fig. 7 , hydrogen is delivered to the hydrogen cell from renewable or zero-CO 2 -emitting sources where it is liquefied outside the buildings, and from the storage reservoir providing indirect cooling via a helium closed loop to both MRI magnets and to the superconducting bearings of a flywheel energy storage system, via DC cables for the data centre for an uninterruptable power supply by closed loop of helium gas circulation. Figure 8 shows a decentralised scenario for the use of hydrogen in meeting future energy storage, energy demand and cryogenic requirements in conjunction with a hospital environment. The choice of hydrogen production is by renewable and low-carbon emission methods as the world is seeking to lower carbon emissions in an attempt to mitigate climate change. The importance of the hydrogen industry in enabling other industries can be identified with the production of carbon for the carbon industry as a product of microwave plasma reforming (MPR) and the production of liquid hydrogen providing 20 K for cryogenic applications enabling the superconducting industry.
Hospital Hydrogen Integration System
The use of liquefied natural gas (LNG) as the method of transport for natural gas is used as a result of the growing importance of LNG for transport due to reduced costs and the capability of transporting and storing larger volumes. The secondary use of LNG in the liquefaction of hydrogen is illustrated; however, this is only suitable when hydrogen is being liquefied on-site the LNG plant. The conventional use of natural gas for electricity generation supplying the grid is also included. The hydrogen both compressed and liquefied in this decentralised hydrogen scenario is produced from wind energy using the electrolysis of water and natural gas using microwave plasma reactors. The compressed hydrogen can be used in the transport sector and also for domestic heating and electricity supply. Only heating applications are suitable when solid oxide fuel cells (SOFC) are used due to their high operating temperatures. Heating applications are not considered in this scenario as these fuel cells are currently being researched and developed. The use of liquid hydrogen is the main focus as a result of hydrogen cryomagnetics being capable of enabling the superconducting industry as it is facing resource problems due to the price increase of helium. From Fig. 8 , liquid hydrogen is also suitable for transport applications for use in cars, e.g. BMW and buses, and these vehicles utilise liquid hydrogen instead of compressed hydrogen. This decentralised production of hydrogen can be used for domestic, transport and industrial applications, making it a cryogenic that can be used both as an energy carrier and a cryogenic medium. 8 Decentralised production of hydrogen via zero-CO 2 emission processes and uses as an energy carrier, energy storage medium and cooling cryogenic medium. The actual superconducting devices to benefit from the synergy with iLH 2 are SMES, Flywheel, MRI, DC cables for datacentres and homopolar wind generators. The hydrogen cryomagnetic superconductivity applications presented in the right corner of the figure are identical to the building infrastructure concept presented in Fig. 7 As the world is moving towards a low-carbon economy, the production of hydrogen from carbon-free technologies will be important. Microwave plasma reforming is an emission-free method of hydrogen production forming hydrogen and valuable carbon nanoforms [27] . This indicates that the hydrogen industry can facilitate the growth of the carbon industry. Two valuable products are produced from this process. With the growth of the global wind industry, wind is another potential emission-free source of hydrogen production. The wind industry is expected to reduce the world's consumption of fossil fuels; however, with the intermittency of wind energy, the use of energy storage is necessary. Hydrogen can be produced and compressed at times where there is excess demand and sold at times in which electricity costs are high to ensure that profit is made. The superconducting industry is facing problems with regard to supply of a suitable and a cost-effective cryogenic medium. The use of liquid hydrogen (LH 2 ) will enable the development of the superconducting industry.
System Dynamics Simulation
Following the successful study by Cai and colleagues on helium availability from natural resources using system dynamics [28] , we suggest that a similar approach can be used to research the synergy between hydrogen and superconducting applications. The use of professional system dynamics (SD) simulation software 'Vensim DSS' should allow the dynamics of hydrogen production to be integrated with wind energy and MPR in a decentralised set-up to be modelled and simulated to gather results to determine the performance of the hydrogen production systems. The formulation of our SD model is based on the preparatory schematic depicted in Fig. 9 with wind energy being used to meet demand and also supply excess energy to the energy storage systems, which also supply energy to meet demand. Grid energy is used to meet any demand not met by the renewable technologies and storage systems. Electrolysis and MPR of methane Fig. 9 Schematic showing the potential paths of wind energy, the potential electricity sources in meeting the electrical load and the potential methods for cryogenic applications. The graph shown in the figure indicates the relationship used to model the cost and efficiency change of liquefaction that occurs, depending on the overall demand from transport and the superconducting industry also are a potential liquid hydrogen source. System dynamics will allow different inputs of wind energy generated, demand and efficiencies of technologies and liquid hydrogen demand to be changed in the simulation and outputs of the system analysed. The approach allows real-world systems to be modelled and tested to see how they respond to the changing inputs. For example, the instantaneous output of the model to changing inputs can be tested in SyntheSim mode in the Vensim software.
The use of system dynamics should give insight into the amount of feedstock required for the microwave plasma reactor and the amount of energy required from the wind energy to produce liquid hydrogen. We expect it to be able to elucidate the effect that the amount of liquid hydrogen produced has on both costs and efficiencies shown in Fig.  10 . Our initial modelling in Vensim has sought to identify the advantages (or otherwise) of the use of LH 2 as a cryogenic medium for the superconducting industry. LH 2 can be used for various applications. One important use in cryogenics is for MRI. The use of MRI in hospitals is vital, and there is a large cooling requirement as the power needed to magnetise the magnet is reduced as the temperature is reduced; however, little change is seen lower than a temperature of 30 K and so a cryogenic that has a boiling point lower than 30 K is suitable to cool the magnet. However, helium is the cryogenic of choice for MRI magnets and the superconducting industry, but due to escalating price and shortage of supply, indirect cooling by hydrogen is more suitable cryogenic medium solution. The superconducting industry in the model is divided into the MRI demand, use of liquid hydrogen for the indirect use of cooling DC cables and use in homopolar wind generators. The use of liquid hydrogen in transport is also considered with a fraction of the liquid hydrogen produced used for transport.
Hydrogen Production, Use and Liquefaction Potential
The model looks at two different aspects of hydrogen production and use. It looks at the use of hydrogen as a storage and energy carrier for electricity and also at the liquefaction efficiencies and the use of liquid hydrogen to meet demand. As the electrolysis of water is an emission-free method of hydrogen production, it is considered in the model as a potential source for future storage and hydrogen needs. An advantage of the electrolysis of water in relation to hospitals arises from the production of oxygen as a product of electrolysis, which is required in hospitals. This gives decentralised hydrogen production via electrolysis for hospitals an added value. The problem that arises with using wind energy as a source of hydrogen results from it being an intermittent source of energy. If hydrogen is needed at a particular time and there are no adequate amounts available in storage, then hydrogen will need to be produced from another source. It is assumed that natural gas is available each day for the microwave plasma reactor to give a predictable production of hydrogen and liquefaction to meet demand. A large energy penalty is encountered (Fig. 10 ) when liquefying hydrogen, and the larger the quantity of hydrogen, the more efficient is the process. This means that for the efficient production of hydrogen, large amounts of It is clear that even if hydrogen production and its applications are proven to be cost-effective, the success of the hydrogen economy both gaseous and liquid depends on the support from government policies.
When storing liquid hydrogen, losses can occur as a result of the low boiling temperature of liquid hydrogen (T boil = 20 K), so the demand for liquid hydrogen must be present before a large liquefaction plant will be build.
For our SD modelling, we assume that liquid hydrogen is only produced if the demand is present, the demand is constant per hour throughout the day and the overall demand can be changed. As a result of the energy penalties that are present when liquefying hydrogen, extra hydrogen is produced to account for the overall energy loss as shown in Fig. 10 . In the model, the demand is 6 kg/h over the 24 hour period; however, to actually produce this amount, 18.2 kg/h will have to be produced that has a corresponding energy efficiency of 33 %, allowing 6 kg/h to be produced and the required energy available. SMES is a method of energy storage that can act as a source of backup electricity. In the model, it is only considered as a potential liquid hydrogen demand and does not supply electricity to the hospital.
Gaseous hydrogen use is also considered as a store for wind energy, as hydrogen is a promising future solution to an increase of wind energy into the electricity supply. Wind can therefore provide power directly to the electrical load, can supply electricity for the electrolysis of water to produce hydrogen and can also provide electricity to the microwave plasma reactor for operation. The use of wind energy to supply the microwave plasma reactor would lower any emissions resulting from the use of grid energy. For the hospital, if available wind energy can be used directly, any stored energy can be reconverted to electricity at times of low wind, and grid electricity can act as a backup if neither source can meet overall demand. The main aim of hydrogen storage is to store energy that would be otherwise wasted and in doing so, increase the amount of renewable electricity available and displace conventional fossil fuel power stations as a source of electricity. The use of hydrogen storage to displace grid energy is depicted in Fig. 11 .
Conclusions
In the presented case, the use of indirect cooling is necessitated by safety concerns over storage of hydrogen within the building envelope. However, fundamental concerns over the cost and availability of helium which are already hampering progress for direct cooling dictate that superconductor cooling will be increasingly catered for via indirect closed loop systems in order to conserve helium and reduce operating costs.
The development of effective low-loss and highefficiency helium gas CryoMagFans is of paramount importance for safe use of cryogenic applications in everyday life.
The decentralised production of hydrogen via electrolysis for a hospital has the potential to supply the hospital with an energy store, electricity, liquid hydrogen for cryogenic applications and oxygen.
With regard to energy storage and supply, the demand from hospitals is large, and so a large decentralised system would have to be built, maybe in combination with a biomass CHP to reduce overall emissions and become independent from grid energy.
If a building with an approximate demand of 41,600 kWh/day was powered by the wind-hydrogen system, then the grid dependency of the building over a 72 hour period will be 58 %, with 35.5 % from wind and 6.5 % from hydrogen storage using actual wind data.
As hospitals are often composed of different buildings, it could be assumed that a decentralised system would aid one building in reducing grid dependency.
The larger the role of LH 2 generation in the hospital environment, the less important is the cost of the cryogenic coolant for superconducting applications.
Electrolysis is not the only decentralised solution as the plasma microwave reformer can be twice more costeffective in hydrogen generation than wind energy hydrogen via electrolysis. Considering microwave plasma reforming as a zero-CO 2 emission process with the possibility of producing valuable carbon nanoforms as a by-product, it appears to be a very attractive decentralised hydrogen generation solution for liquefaction.
We are currently advancing our understanding of these issues via the use of system dynamics modelling of systems associated with liquid hydrogen and hydrogen cryomagnetics.
